Abstract The effects of the voltage-dependent Cat + inward current ('Ca) on y-aminobutyric acid (GABA)-induced Cl -current (IC,) in isolated frog sensory neurones were examined using the "concentration clamp" technique, an approach which combines internal perfusion by a suction pipette with a rapid external solution change method. A preceding Ira suppressed the GABA-activated I~,. While the inhibition was not influenced by changes of membrane potential between -40 and -100 mV, it was reduced when the internal EGTA concentration was increased. A preceding ICa shifted the GABA dose-response curve to the right without affecting the maximum current or the Hill coefficient (n = 2). Inhibition of the GABA-activated Ic, by Ica showed a recovery in a single exponential manner, the time constant of which depended upon the extent of Cat + influx. At a low temperature (10°C), however, the recovery from Cat +-mediated inhibition was only slight. We conclude that, as a result of the voltage-dependent Cat + influx, a subsequent increase of intracellular Cat + concentration modulates the GABA-gated J in the soma membrane. Possible mechanisms are discussed.
M. INOUE,
N. TOKUTOMI, and N . AKAIKE cord neurones (OwEN et al., 1984) and rat sensory neurones (MAYER,1985) . On the other hand, an increase in intracellular Cat + not only facilitates the desensitization onset of the nicotinic acetylcholinergic response in the muscle end plate (MILEDI, 1980) but also inhibits the nicotinic C1 response in Aplysia neurones (CHEMERIS et al., 1982) as well as the nicotinic cation response in frog sympathetic ganglion cells (MORITA et al., 1979) . In the present experiments, we examined the effect of 'Ca on the GABA-activated IC, in frog sensory neurones and found that an increase in intracellular Cat + concentration ([Ca2 +];), that resulted from voltage-dependent Cat + influxes, decreased the GABA response in the soma membrane. A preliminary account of part of the results has been presented as a short communication .
METHODS
Preparation. Dorsal root ganglia dissected from decapitated American bullfrogs (liana catesbiana) were used for all experiments. The thick connective tissue surrounding the ganglion was carefully stripped off using micro-forceps, and the capsules enveloping the ganglion masses were digested in 10 ml normal Ringer solution containing 0.3% collagenase and 0.05% trypsin at pH 7.4 for about 15 min at 37°C. During the enzyme treatment, the preparation was gently shaken by bubbling 99.9% 02. Thereafter, single cells were isolated from the ganglion mass with finely polished pins under binocular observation, and left overnight at room temperature (about 22°C) in a culture medium consisting of equal parts of Ringer solution and an isotonic Eagle's minimum essential medium (NISSUI, Japan).
Solution. The ionic compositions of the standard solutions were as follows (in mM): internal, CsC195, Cs-aspartate 10, TEA-Cl 25, EGTA-Ca2 + buffer ([Ca2 +]; _ 3 x 10-8 M); external, Tris-Cl 89, CsC12, CaC12 2, TEA-C125, glucose 5. The pH of all solutions was adjusted to 7.4 with Tris-base of N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES).
Suction pipette. Single cells suctioned into a tapered capillary with a firepolished tip diameter of about 60 to 70 ,um were transferred to a culture dish 3 cm in diameter. These cells were clearly visible under binocular magnification (x 80). A suction pipette technique was used for voltage clamp and internal perfusion (AKAIKE et al.,1978 (AKAIKE et al., ,1985 ISHIZUKA et al., 1984) . A Pyrex glass with a 3-mm outer diameter was pulled to a shank length of 2.5 to 3 mm. The tip of the pipette was cut at an outer diameter of about 40 µm and then fire-polished to induced Cl -responses (EGABA) was to the Cl -equilibrium potential (E1) , which is about + 4 mV, as calculated from the Nernst equation based on the Cl-activities in the external and internal solutions. Electrical measurements. The membrane potential was measured through an Ag-AgCI wire in a Ringer-agar plug mounted on a suction pipette holder. The reference electrode was also an Ag-AgCI wire in a Ringer-agar plug. The resistance between the suction pipette filled with standard internal solution and the reference electrode was 200 to 300 kQ. Both electrodes led to a voltage clamp circuit, and membrane potential was controlled by a single-electrode voltage-clamp system switching at a frequency of 10 kHz and passing current for 36% of the cycle (IsHIzUKA et al., 1984) . Clamp currents were measured as the voltage drop across a 10 S~ resistor in the feedback path of a headstage amplifier. In this system, the suction electrode could carry time-averaged currents exceeding 100 nA at a switching frequency of 10 kHz, without showing signs of polarization or other aritifacts. Both current and voltage were monitored on a digital storage oscilloscope (National, VP-5730A), and were simultaneously recorded on an ink writing recorder (Rikadenki, R-22) and stored on a magnetic data recorder (TEAC, .
External solution application method. The "concentration clamp" method was used for extremely rapid application of external solution within 2 to 4 ms, with or without agonist . The cell-attached tip of the suction pipette was inserted into a plastic tube through a circular hole of approximately 500 µM diameter. The lower end of this tube could be exposed directly to external solutions by moving up and down a stage on which drug-containing dishes were placed. The suction (-3 cmHg) applied to the upper end of the tube was controlled by an electromagnetic valve driven by 24 V D.C. The power supply was switched on for the desired duration by a stimulator (Nihon Kohden, . Results were expressed as mean + S.E.M.; Students t-test.
RESULTS

Suppression of IC, by 'Ca
The suppression of the GABA response by Ca currents (Ia) was quantified in isolated sensory nerve cell bodies immersed in a Na+-and K+-free Ringer solution containing 2 mM Ca2 + . Cells were voltage clamped at a holding potential (VH) of -50 mV and Ira was evoked by 50 mV depolarizing command pulses of varying durations, as previously described (ISHIzuKA et al., 1984) . Figure lA illustrates the typical suppression of 10-5 M GABA-activated I~l by varying amounts of Ira. In these experiments the cell was perfused with 0.5 mM EGTA-Ca buffered internal solution. The lower portion of Fig. 1 (Fig. 1B) illustrates the Icamediated inhibition of I~, in a cell perfused with an internal solution containing 2.5 mM EGTA. In each case, GABA-activated IC, was more strongly suppressed on increasing the amount of preceding Ira by prolongation of the command pulse. In M. INOUE, N. TOKUTOMI, and N. AKAIKE cells perfused with 0.5 mM EGTA-Ca buffer, Ic was reduced to 50% of the controls (n =14) by an 'Ca evoked by a command pulse of 100 ms duration, while the reduction of IC, in the cell perfused with 2.5 mM EGTA was only 25% of the controls (n =15). The difference in the degree of Io, suppression by Ira in the two experimental conditions was statistically significant (p <0.01), as shown in Fig. 2 . In this figure, the symbols (o and .) represent data obtained from cells perfused with 2.5 mM EGTA (n = 20) and EGTA-Ca buffer (n = 46), respectively. These results suggest that the degree of suppression of the GABA-induced I~, depends on the actual rise of [Ca] ;, but not the flux through the membrane (see also below).
Voltage dependence of I~~ inhibition by 'Ca Intracellular Ca2 + increases not only K + conductance in molluscan neurones (MEECH, 1972; GORMAN and THOMAS, 1980; AKAIKE et al., 1983) but also a Cl conductance in spinal cord cells in culture (OwEN et al., 1984) . Thus, it is of interest to determine whether the inhibition of GABA-induced 1~, by Ira is voltage- dependent. Figure 3A and B clearly show that inhibition of I~l by the preceding 'Ca is not voltage-dependent over a membrane potential range from -100 to -40 mV.
The peak values of Ill, with (.) or without (.) a preceding Ira, were plotted as a function of membrane potential in Fig. 3C . In this figure, the two different experimental data points fell on individual straight lines which intersected at EC, on the X-axis. These same results were obtained with 5 other neurones.
Effect of preceding Ira on the GABA dose-response curve The voltage-independent suppression of GABA-gated I by Ica suggests the possibility that intracellular Cat + affects GABA receptor sites rather than the Cl channels. Thus, we examined the effect of Ira on the GABA dose-response curve to determine whether the Ica-mediated I~, inhibition acts in a competitive manner or not. These results are shown in Fig. 4A . The suppression of GABA-induced I~l by Ica decreased with increasing GABA concentrations, the dose-response curve shifting to the right without affecting the maximum response (Fig. 4B ). These results indicate that an increase in the intracellular free Cat + probably decreases the affinity of the GABA receptor for its agonist.
Recovery from the intracellular Cat +-mediated inhibition The time courses or recovery from the activation of Cat+-dependent K+ conductance follows a double exponential function in Aplysia neurones (GoRMAN and HERMANN, 1979; GORMAN and THOMAS, 1980) and in rabbit sensory neurone (HIGASHI et al., 1984) . Thus, it is of interest to determine the mode of recovery of GABA-induced I~, from the intracellular Cat +-mediated inhibition. The experiments were done at the steady-state or "plateau" current level of GABA-induced Ias shown in the inset of Fig. 5 . In this figure, 'Ca was produced with a 50 mV depolarizing command pulse of 300 ms duration at the steady state of 10-5 M GABA-induced I~, and the time course of current recovery after the suppression of Icl by Ica was plotted semilogarithmically against time. It is evident that the recovery of I~, occurs exponentially, with a time constant (z) of 20s. The average value of i was 18±2.4s (n =18). In addition, the value of the recovery time constant depended on the extent of the Ca2 + influx (Fig. 6A) . The recovery from 100 ms-Ica-mediated inhibition occurred with a time constant of 10 + 1.8 s (n =5) while the current of 1 sICa -mediated inhibition recovered with a time constant of 31 ± 4.1 s (n = 5).
The concentration of intracellular free Cat + is modified not only by various types of the intracellular buffering mechanisms (BAKER, 1972; DIPoLO and BEAUGE, 1983) but also by Ca2+ influx through voltage-dependent Ca channels (NEERING and MCBURNEY, 1984) . Since the external Na + is replaced by Tris + in the present conditions, the factor of greatest importance in regard to decreasing intracellular free Ca2 + may be Ca2 + pumps in intracellular organelles such as the sarcoplasmic reticulum (SR) in muscle or the endoplasmic reticulum (ER) in neurones (KUBA, 1980; AKAIKE et al., 1983) . If the recovery process of Cat +-mediated I inhibition involves these active sequestration and extrusion mechanisms, the time course of I r recovery will be markedly affected under metabolically suppressed conditions such as cooling, or in the presence of metabolic inhibitors. As shown in Fig. 6B , the amplitude of 'Ca evoked by 50 mV depolarizing pulses in duration of 300 ms was much smaller in 10°C than in 22°C. There was, however, no difference in the maximum inhibition of Ic, by Ica at 10 and 22°C. Furthermore, there was little recovery of the Cat +-mediated I inhibition at l0°C whereas the Ica-mediated inhibition gradually recovered with time at 22°C. These results also suggest that the degree of suppression of the GABA-induced I~, by Ica depends on the actual rise and continuous residue of intracellular free Cat + but not on the amount of Cat + influxes through voltage-dependent Ca channels. The present experiments clearly demonstrate that a preceding 'Ca markedly suppresses the GABA-activated I and that the inhibitory effects are influenced by the chelating capacity of EGTA included in the internal solution ( Figs. 1 and 2) . Therefore, we conclude that the suppression of I~, by a preceding Ira is due to the increase in [Ca2 +];. It remains to be determined, of course, whether the increase in [Ca2 +]~ is the direct cause of the inhibition of GABA-activated I or if it has to be accounted for by some secondary mechanism. In Aplysia neurones, for instance, an increase in [Ca2 +]~ is accompanied by a decrease in intracellular pH (MEECH and THOMAS, 1980) . However, there are several lines of evidence which argue against a primary role of a pH change due to Cat + influx. The Cat +-mediated inhibition occurred even at low temperatures; the latter suppresses a decrease of intracellular pH by inhibiting active sequestration by the mitochondria (MEECH and THOMAS, 1980) . At low temperatures, lea-mediated suppression of GABA-induced steady state I only slightly recovered. Full recovery could be obtained, however, by increasing the temperature from 10 to 22°C (Fig. 6B) . This phenomenon would be interpreted as follows: At low temperature, i.e. in a state where both active sequestration and active extrusion of Cat + are blocked, the internal free Cat +-concentration probably remains at a relatively high level following an increase in the voltage dependent Cat +-influx. Consequently, this comparatively high level of [Ca2 +]; would continuously inhibit the GABA-response. Upon increasing the temperature from 10 to 22°C, the [Ca2+]; would gradually be buffered to its normal level by the various active intracellular buffering mechanisms referred to above, thus causing the GABA-response to recover. In addition, the recovery time constants of GABA-induced Io, inhibited by the preceding 'Ca were 10 s at 10 ms-ICa and 31 s at 1 s-ICa, respectively. The results indicate that the recovery speed depends upon both the amount of Ca2 + influxes through voltage-dependent Ca2 + channel and the buffering mechanisms the latter taking much more time with the increase of Ca2 + influxes.
Unexpectedly, in the present experiments, 'Ca could still inhibit the GABAinduced I in the cells well perfused with an internal solution containing as much as 2.5 mM EGTA. This observation suggests that the inhibition of GABA-activated Icl The calcium currents were successively produced by 50 mV depolarizing command pulses of 1,000 and 100 ms at the steady-state of 10-5 M GABA-induced response. The time constants of recovery from 1c, inhibition induced by 'Ca of 100 and 1,000 ms were 6 and 35s, respectively. B: effect of temperature on recovery from 'Ca-mediated IC, inhibition. At 10°C, recovery from Ira-mediated I~, inhibition was barely present, but at 22°C, GABA-gated I~, gradually recovered to the control steady-state level. The Ira was successively elicited by 50 mV depolarizing pulses in duration of 300 ms. Note the decrease in Ira magnitude at 10°C (inset). M. INOUE, N. TOKUTOMI, and N. AKAIKE by 'Ca occurs at a site not fully accessible to EGTA, as found in the case of Cat + _ dependent K+ conductance in smooth muscles (MITRA and MORAD, 1958) . Interestingly, according to our recent preliminarly study, the extracellular application of caffeine to the internally perfused frog sensory neurone could evoke repeatedly the K + outward current which is sensitive to the intracellular free Cat + released from ER. The results may suggest that our internal perfusion does not damage or destroy the intracellular buffering systems lying just under the soma membrane.
In various preparations both external and internal Cat + controls membrane permeability both to cations or anions (MEECH, 1972; CoLQUHOUN et al., 1981; MILEDI and PARKER, 1984) . Extracellular Mg2+ also interferes with.cation channels activated by glutamate in mouse central neurones (Now x et al., 1984) . In view of these results, the possibility that intracellular free Cat + may directly interfere with Cl-channels activated by GABA should be considered. However, the present data do not support this supposition. There was no voltage dependence in the suppression of IC, by 'Ca (Fig. 3) . As can be seen in Fig. 4 , 'Ca produced a parallel shift to the right in the GABA dose-response curve without changing the maximal current and Hill number (n = 2). If intracellular Cat + inhibits the GABA response by transforming the GABA receptor-ionophore complexes to the inactive type, as noted in the case of the ACh-induced Iii by Ica in the snail neurone (CHEMERIS et al., 1982) , then the mode of the inhibition would be noncompetitive. All these results taken together suggest that the increase in [Ca2 + ]i decreases the affinity of GABA receptors on the soma membrane rather than blocks GABA-gated C1 channels.
Biochemical and related studies have revealed several endogenous inhibitory substances for GABA binding to the GABA receptors in the synapic membrane. GABA receptor binding inhibitory factor (YoNEDA and KURIYAMA, 1980) and phospholipids (ToFFANO et al., 1981) , such as phosphatidylethanolamine, decrease the affinity of GABA receptors without affecting the maximal binding sites. On the other hand, the protein GABA-modulin (GUIDOTTI et al., 1982) decreases the number of the binding sites. These results raise the possibility that GABA receptor functions are modulated in situ through various metabolic processes. The relationship between the intracellular Ca2 +-mediated inhibition and these biochemical events remains to be determined. It has to be kept in mind that the activity of various types of enzymes involved in lipid metabolism and phosphorylation of proteins related various cellular functions depends on [Ca2+]i (NESTLER and GREENGARD, 1983; NISHIZUKA, 1984; HIRASAWA and NISHIZUKA, 1985) .
Physiological implications. Intracellular free Ca2 + has been suggested to mediate either postsynaptic facilitation (LYNCH et al., 1983; KUMAMOTO and KUBA, 1983) or depression (EKEROT and OsCARSSON, 1981) or synaptic transmission, in both central and peripheral nervous systems. In hippocampal cells, the long-term potentiation of synaptic transmission has been attributed to an increase in the total number of glutamate receptors mobilized by intracellular Ca2 + (BAUDRY and LYNCH, 1979; BAUDRY et al., 1981) . In other nervous systems, however, the precise mechanism for the modulation by Cat + has not been elucidated . In the present experiments, a preceding voltage-dependent 'Ca markedly suppressed the GABAactivated Ia in internally perfused frog sensory neurones and this suppression resulted from a decrease in the affinity of the GABA receptor. This mechanism, which involves modulation of agonist-receptor interaction by intracellular Cat +, may also participate in the postsynaptic control of synaptic transmission under in vivo conditions.
